Introduction
Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are both devastating neurological diseases. Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder causing weakness, as well as other symptoms mediated by loss of upper and lower motor neurons. Lower motor neuron degeneration results in fasciculations and muscle atrophy, and upper motor neuron degeneration result in increased reflexes and spasticity. ALS is usually fatal due to respiratory paralysis within 1 to 5 years of symptom onset. The average age of onset is 55 to 65 years old and prevalence of ALS is 3 to 5/100,000 [1] . Frontotemporal dementia (FTD) is the second most common cause of pre-senile dementia after Alzheimer's disease, with the mean age of onset in the fifth to seventh decades of life [2] . Degeneration of the frontal and temporal lobes of the brain lead to progressive changes in behavior, personality and language.
ALS and FTD are part of a spectrum of neurodegenerative disorders that share pathological and molecular features. 4% -14% of ALS patients have FTD and up to 40% of ALS patients show mild cognitive changes with further testing [3] ; in addition, FTD patients may develop motor neuron dysfunction symptoms [4] . Furthermore, trans-active response DNA binding protein 43 kDa (TDP-43) has been identified as a common pathological protein, seen in the majority of ALS cases and in FTD [5] . Large expansions of a GGGGCC hexanucleotide repeat in the first intron of the chromosome 9 gene open reading frame (C9orf72) are a frequent cause of both ALS and FTD [6] .
Trinucleotide repeats are observed as a driving cause of other neurodegenerative diseases such as Huntington's disease [7] and Friedrich's ataxia [8] . Repeat expansions can cause disease through multiple mechanisms. Fragile X syndrome, for one, stems from haploinsufficiency due to a CGG repeat in the 5'untranslated region that inhibits translation of the essential Fragile X Mental Retardation protein [9] . While the exact mechanism mediating C9orf72-ALS is unknown, a great deal has come to be known about the gene, the repeat expansion, and its effects. Herein, we use a bioinformatics approach to delineate a previously unreported potential role of C9orf72 in iron homeostasis, which can be disrupted by the hexanucleotide expansion.
RNA Binding Proteins in ALS
Mutations in the genes encoding TAR DNA Binding Protein (TDP-43) and Fused in Sarcoma/Translated in Sarcoma (FUS/TLS) cause ALS [10] [11] . Both these RNA binding proteins are involved in gene expression regulation by transcription, RNA splicing, RNA transport, and translation. The involvement of TDP-43 and FUS/TLS in ALS and other neurodegenerative diseases emphasizes the role of altered RNA processing in neurodegeneration. This has led to the hypothesis that disrupted RNA interactions might underlie C9orf72-mediated ALS, a hypothesis supported by a substantial body of evidence.
C9orf72 Pathology
The hexanucleotide repeat expansion in the first intron of the C9orf72 gene has been identified as the most common mutation in familial ALS. C9orf72 has two main variants, which, through alternative splicing, lead to different isoforms of the same C9orf72 protein [6] . In transcript variant 1, the GGGGCC repeat is located in the upstream regulatory region. Transcript variant 2 is the focus of this bioinformatics paper; in transcript variant 2, the GGGGCC repeat is located in the first intron between two noncoding alternatively spliced first exons [12] . Previous bioinformatic studies showed C9orf72 has structural homology to Differentially Expressed in Normal and Neoplasia (DENN) proteins that are critical in G protein signaling and may be essential for survival. There-fore, DENN-like 72 (DENNL72) has been suggested as an alternative name for the C9orf72 gene [13] .
Indeed, a subset of C9orf72 gene knockout studies confirmed that loss of function of C9orf72 causes motor deficits in a zebrafish model of ALS [14] . On the other hand, sustained antisense oligonucleotide (ASO)-mediated lowering of C9orf72 mRNAs provided a therapeutic impact from the RNA inclusions, which are a major hallmark of ALS pathology [15] . ASO treatment was well tolerated in mice producing no behavioral or pathological features characteristic of ALS/FTD and only caused limited RNA expression alterations. Thus, this therapy may well move into humans in relatively short order, making it critical that we learn the biological function of C9orf72 to better understand all of the potential effects of these gene-targeted therapies.
C9orf72 and Translational Control Circuits in Iron Homeostasis
In this bioinformatic review we will emphasize the organizational and sequence homology existing between the C9orf72 5'untranslated region (UTR) and the iron-responsive element (IRE) RNA stem loop in the 5'UTR of mitochondrial cis-aconitase and also in the mRNAs encoding L-and H-ferritin (Figure 1) . Iron homeostasis is regulated by the iron-regulatory proteins IRP1 and IRP2. These RNA binding proteins post-transcriptionally regulate messenger RNA (mRNA) stem loops called iron-responsive elements (IREs). IRP1 and 2 bind to IREs with high affinity when there is an iron deficit and repress IRE-dependent translation [16] [17] . The two are less likely to bind IREs in an abundance of iron [18] . Iron influx releases iron regulatory proteins from the Light (L)-and Heavy (H)-ferritin transcripts to induce L-and H-chain translation [19] . Based on homologies in the 5'UTR, we hypothesize that a similar mechanism could influence the expression of C9orf72. Interestingly, ferritin levels are elevated in people with ALS.
A Putative Iron Responsive Element (IRE) in C9orf72
In the spectrum of IRE dependent regulation, human mitochondrial aconitase (mACO) mRNA is 30 fold less avidly bound to and regulated by iron regulatory proteins than the ferritin transcript [20] . In this report, we provide evidence that the 5'UTR of mRNA encoding C9orf72 exhibits a similar structure and location conservation to the IRE RNA stem loop in the mRNA encoding mACO (Figure 1 ). In the model based on this predicted 5'UTR structure, we show that the IRE-like RNA structure of C9orf72 transcript is strategically positioned in a similar manner to that found in human mACO mRNA in front of its start codon (Figure 1 ). These RNA stem loops can be readily tested for their capacity to post-transcriptionally regulate expression of this key ALS-linked gene in response to iron homeostasis.
Our bioinformatics alignments in the accompanying Figure 1 will show that the position of the C9orf72 AUG start codon recapitulates the IRE arrangement for the mACO mRNA, one of the prototypical examples of an IRE, and may provide insight into a role of C9orf72 in iron homeostasis. IRP1, itself, can function as either active aconitase or an active RNA binding protein [21] . Mitochondrial dysfunction and oxidative damage play a role in neurodegenerative diseases and aging. Aconitase is affected by Huntington's disease and Friedreich's ataxia [22] . ALS may also affect aconitase levels. Protein aggregation is a proposed mechanism for the pathogenesis of ALS, and in one study, in the spinal cord tissues of sporadic ALS patients, aconitase levels were enhanced in these patients compared to the controls [23] .
Materials and Methods
RNA sequences from the C9orf72 gene were located using the NCBI Gene database (NM_145005.5 variant-1 and NM_018325 variant-2). Since the 5'UTRs were of primary interest the coding regions were disregarded, apart from the initiating AUG [24] . For the C9orf72 transcript, the splice junction between the first two exons occurred 44 nt upstream from the conserved CAGUG, which in turn is immediately adjacent to the AUG start codon. As shown, there is high degree of sequence conservation in the second exon of the C9orf72 mRNAs among the other species investigated (Figure 1(C) ). In order to study a balanced sequence, 25 nucleotides on each side of the putative IRP1 binding site (5'CAGUG3') were used as a start-point to create 50 nucleotide RNA query sequences (mouse and rat had 52 nucleotide sequences due to insertions). RNA sequences were aligned using the ClustalX2 graphical program to find evolutionary conservation between species. The AUG start region of the CDS was then used as a reference point to align the sequences, allowing a comparison of the sequences in both exons centered on the splice junction [18] .
Secondary structure folding of these RNA sequences was generated by the RNA-Fold web server at the University of Vienna and was annotated using the RNA-Fold software package utilities. In this report, we used the RNA-Fold server in a manner that previously provided the most probable RNA secondary structure for SNCA 5'UTR sequences based on minimum free energy calculations [24] [25] . The alignment homology were calculated, as we described [24] , by comparing the C9orf72 RNA sequence from different species against the H. sapiens sequence. To emphasize specificity, we routinely studied antisense versions of the C9orf72 5'UTR and found these RNA-fold predictions did not generate the RNA stem loop with the "AGU" tri-loop characteristic of the canonical iron-responsive element.
We calculated the alignment homology by comparing the different species RNA sequences (as listed in Figure 1(C) ) against the Homo sapiens sequence of C9orf72 mRNA. We also calculated the homology between the core L-and H-ferritin IREs with that of C9orf72 and APP mRNAs. Only nucleotides that matched respective to the Homo sapiens sequence were scored a point; we determined the percent homology on each side of the AGU tri loop (putative core IRP1 binding site) by totaling the points scored and dividing by the total number of nucleotides on that side. The results from each side were then compared to illuminate the difference in conservation.
In sum, the percentage nucleotides that matched to the Homo sapiens sequence were scored from the total nucleotide positions on each side of a core CAGUGN IRE motif as observed for ferritin L-and H' and cis-aconitase transcripts. The results were then compared to better understand the difference in conservation immediately in front of the start codon.
Results
We conducted bioinformatics sequence comparisons and RNA secondary structure predictions to determine the secondary structure of the 5'UTR of the transcript encoding C9orf72 relative to the IREs encoded by mitochondrial aconitase, H-ferritin, and L-ferritin mRNAs. We determined the minimum energy of RNA folding for the 5'UTRs sequence of C9orf72 (Gibbs free energy = −4.64 kcal/mol), redrawn in Figure 1(B) , and the predicted structures for C9orf72 were compared with the range of known canonical IREs from H-ferritin and L-ferritin mRNAs to the IRE in the 5'UTR of mitochondrial aconitase mRNAs from different species.
Our alignment revealed the 5'UTR of C9orf72 mRNA encoded a core 5'-CAGUG-3' sequence that aligned with the IRE sequences encoded in the mRNAs for the ferritin H-and L-chains and mitochondrial aconitase. Whereas surrounding sequences diverged, homology was most prominent in proximity to the canonical 5'-CAGUG-3' (Figure 1(C) ). Specifically, there is 80% homology between the putative IRE in C9orf72 mRNA and that in cis-aconitase mRNA, differing by only one base in the loop region. We ensured specificity in alignment and RNA stem loop studies to clarify the absence of an Iron responsive Element homology in the control 5'UTRs for b-actin and b-tubulin mRNAs equivalent sites registered the same distance from their start codons [26] . Of interest, there are several reports documenting a high affinity RNA binding interaction between the conserved AGU tri-loop in the ferritin and aconitase mRNA IRE RNA stem loops and the active site in Iron-regulatory-protein-1 (IRP1), as has been established by mutational studies and X-Ray crystallography [27] . In Figure 1 , we observed that the apical AGU site in C9orf72 mRNA and in aconitase mRNA were, in each case, on the apex of these related RNA stem loops in conserved positions in front of their respective AUG codons. The homology is depicted from the colored lettering in the alignments (Figure 1(B), Figure 1(E) ). The location of the apical AGU tri-loop in the C9orf72 RNA stem loop was one nucleotide from the AUG start site located in exon 2. This is downstream of the ALS mutation repeat in the first intron of transcript variant 2 (Figure 2) . The proximity of the IRE-like stem loop in C9orf72 to its start codon was found to be analogous to the AGU tri-loop in the functional IRE of the mRNA encoding mitochondrial aconitase, which is located 7 nucleotides from the AUG start site (Figure 1(F) ).
Across mammalian species, C9orf72 specific 5'UTR sequences showed strong evolutionary conservation, and RNA secondary structure predictions were generated for Pan troglodytes, Bos taurus, Ovis aries, Sus scrofa, and Mus musculus. We identified a significant homology within the C9orf72 5'UTR across species (percent homology to Homo sapiens over the core IRE region: Pan troglodytes 98.0%, Bos taurus 92.2%, Ovis aries 86.3%, Sus scrofa 82.4%, Mus musculus 86.3%) (Figure 1(C) ). The putative IRP1/IRP2 binding site is a conserved RNA stem loop that is depicted in an apical CAGUG loop in all the mammalian species.
Discussion

Biological Implications for the Presence of an IRE-Like RNA Stem-Loop in the C9orf72 Transcript
In this study, we identified a potential IRE-like RNA structure in C9orf72 mRNA and demonstrated that it is located in the exon following the hexanucleotide repeat expansion that causes ALS and FTD. Thus, C9orf72 may well be regulated by iron-dependent post-transcriptional control, via IRP1 binding. We noted critical features about the 5'UTR specific RNA stem loop immediately in front of the start codon in the C9orf72 mRNA. First, there are three differentially phased AUG start codons in the 5'UTR of C9orf72 mRNA that are evolutionarily conserved across all of the mammalian species with the third being the functional start codon (Figure 1(C) ). Second, the first AUG is positioned 22 nucleotides upstream from the start site and the second potential start codon sequence is located 8 nucleotides from the start site. Third, we noted the mini-open reading frame for the potential methionine (ATG)-glutamine (CAG) dipeptide in the putative IRE region after the second AUG in the main variant of the C9orf72 transcript, which warrants further investigation. This small open reading frame exists with an in-phase opal stop codon (UGA) downstream of the second start 
Iron, Inflammation and ALS: The Precedent of Translational Control of the Amyloid Precursor Protein (APP)
Iron dys-homeostasis and inflammation are both associated with increased risk for ALS via many pathways that also occur for other neurodegenerative diseases such as Alzheimer's disease (AD) and Parkinson's disease [28] . Consistent with an iron link to accelerate ALS pathology, we reported elevated serum ferritin levels in ALS patients [28] . Increased ferritin levels may reflect an iron imbalance or inflammation, which has been demonstrated in ALS [29] . Events in motor neurons leading to local iron deficit (micro-anemic-events) could, for example, down-regulate Iron regulatory protein-1/-2-dependent C9orf72 translation via its IRE RNA stem loop shown in Figure 1 . This scenario would cause local C9orf72 haploinsufficiency in affected motor neurons. On the other hand, excess iron would be predicted to increase C9orf72 levels with unknown pathological consequences to ALS progression. As a precedent, it is informative to consider how inflammation may accelerate the course of AD in part by modulating the rate of translation of the amyloid precursor protein. An Interleukin-1 (IL-1)-responsive RNA domain, the "acute box" motif, is present immediately downstream from the IRE and upstream of the start codon in the amyloid precursor protein transcript (APP mRNA similar to L-and H-mRNAs of the iron storage protein ferritin) [26] [30] . This is relevant to IL-1 induction of APP translation and brain amyloid buildup as a component of the progression of AD during an accompanying inflammatory cascade in the brain cortex [31] [32] . Inflammatory IL-1 also increases APP translation by directly modulating the phosphorylation of IRP-1/-2 [33] to consequently release IRP-1/IRP2 from inhibiting translation (resulting in neurotoxic amyloid buildup) [19] .
We can thus compare the APP model of translational control as a precedent to consider the impact of IL-1 and iron on C9orf72 gene expression at the translational level as a pathological pathway to potentially accelerate the course of ALS. When ascribing how inflammation may modulate rates of translational control of C9orf72 expression, we note that there is not sufficient coding capacity for the existence of IL-1 acute box RNA stem loop between the novel IRE that we identified and the AUG start codon in C9orf72 mRNA (Figure 1) . Therefore, in the absence of an acute box in the 5'UTR in C9orf72 mRNA, inflammatory cytokines (IL-1) that are known to progress ALS would be predicted to only be capable of modulating rates of C9 translation by targeted phosphorylation or dephosphorylation of inducible IRP1-IRP2 as translation repressors. Such an inflammation induced repression of C9orf72 translation could indeed theoretically cause haploinsufficiency of this essential ALS gene product and accelerate ALS progression via this pathway.
Therapeutic Implications (RNA Based Pathology of GGGGCC Repeats)
A number of mechanisms may cause the pathology seen in frontal temporal dementia (FTD) and ALS patients. FTD and ALS patients who bear the pathological C9orf72 repeat expansion can exhibit repeat-associated non-ATG translation (RAN translation) of the C9orf72 GGGGCC-repeat expansion, which has been reported to translate dipeptide repeat proteins [34] . These patients show the presence of dipeptide repeat aggregates in brain regions such as the hippocampus and frontotemporal neocortex as well as TDP-43 pathology [35] (Figure 2(A)) .
Alternatively, the repeat-associated non-ATG translation may occur, as in other trinucleotide repeat diseases. Here, longer GGGGCC repeat expansions may generate toxic RNA foci [36] . The repeat GGGGCC expansion in mammalian cells and Drosophila systems have been shown to cause cell death, through an interaction between Pur α, a major protein that binds the repeat GGGGCC [37] . These findings suggest that the repeat GGGGCC expansion seen in ALS and FTD patients may sequester RNA binding proteins from their normal function, resulting in neurodegeneration.
The GGGGCC repeat seen in C9orf72 can also form RNA G-quadruplex structures. These G-quadruplex structures are highly stable nucleic acid structures and have been implicated in alternative splicing, RNA transcription, translation, and telomere stability. G-quadruplex complexes may also cause pathology, as repeat tract lengths positively correlate with disease severity in other repeat expansion diseases, like myotonic dystrophy type 1 (DM1) with repeats of CTG [38] [39] . Ribonuclear foci are formed, and it is thought that ALS-FTD patients may have a similar pathogenesis where mutant transcripts containing the GGGGCC expansions may aggregate in the nucleus and sequester binding proteins [40] .
Studies also show that the RNA inclusions and peptides generated by non-AUG mediated translation of the hexanucleotide repeat may lead to gain-of-function [41] . In other neurodegenerative diseases such as Huntington's disease, a polyglutamine tract of a CAG RNA triplicate is seen that contributes to the pathology and may be subject to aggregation. There are several interesting parallels between ALS and Friedreich's ataxia (FRDA), a genetic disorder that results in mutations that limit the production of the protein frataxin. Similar to ALS, the most common cause of FRDA is a GAA trinucleotide repeat expansion in the first intron of the gene encoding frataxin. This repeat results in DNA structures that impair frataxin transcription leading to a deficiency of the protein. Frataxin deficiency then leads to a breakdown in cellular iron homeostasis [42] . Potential gene therapies targeting the frataxin promoter have been researched; these therapies increase the expression of frataxin to counteract the effects of the GAA repeat [43] .
Therapeutic Targeting GGGGCC Repeats While Also Activating Translation Driven by the C9orf72 5'-Untranslated Region
We propose novel small molecule therapies for ALS and FTD based on the strategy of screening and identifying small molecules to activate translation of the specific IRE-like RNA stem loop in 5'UTR of C9orf72 mRNA to thus enhance its translation in front of the start codon. Our goal is to provide an important therapeutic step to restore or preserve C9orf72 translation, given that it may be a pro-survival protein. Antisense therapies are being developed to target the GGGGCC RNA repeats that potentially generate dual neurotoxicity via 1) RNA inclusions formed from RNA guanine quadruplexes (G-quadruplexes) and 2) RAN Translation dipeptides. Translational activation of the IRE-like RNA stem loop in the C9orf72 transcript might to compensate for the loss of C9orf72 protein when using antisense strategies. We also propose using the parallel use of RNA targeting strategies to activate compensatory C9orf72 translation to regain potential loss of a key metabolic protein.
We consider the multiple pathogenic pathways of the disease via RNA-based expression of C9orf72 in neurons. The following are the levels of RNA-based regulation of C9orf72 to be considered.
A. The RNA secondary structure of the repeat itself, leading to gain of function, may be targeted. The hexanucleotide repeat causes RNA G-quadruplex structures. These inclusions may be prevented by screening for small molecules that are capable of unwinding the RNA stem loop secondary structure to therefore clear the RNA inclusions from the cells (Figure 2(A), Figure 2(B) ). This has been achieved by use of antisense oligonucleotides. Of note, the use of the spinach tchnique is an endpoint assay [44] may permit small molecular targeting of these RNA inclusions and the G-quadruplexes.
B. The hexanucleotide G-quadruplex repeat also presents a target for ribosomal entry for dipeptide protein translation, and thus for increased production of such dipeptide aggregates in regions of the brain. This is presented in the bioinformatics scheme of the C9orf72 open reading frame shown in Figure 2 . These seminal findings support ongoing screening for small molecule agents that block dipeptide translation from G-quadruplexes to prevent these neurotoxic inclusions in ALS patients (Figure 2(B) ).
C. C9orf72 shows structural homology to DENN proteins, and DENN modules function as guanine nucleotide exchange factors for small GTPases [45] . Though the function of C9orf72 has not been completely elucidated, C9orf72 may regulate endosomal trafficking and autophagy in neuronal cells [46] . We propose an additional potential regulatory and functional role for C9orf72 pertinent to citric acid and iron metabolism. Indeed, relevant to this new bioinformatic link for the role of C9orf72 in metabolism, there is debate as to the whether the loss of C9orf72 causes motor neuron deficiency in organisms higher than zebrafish [4] . Thus, aspects of disease pathology of ALS and FTD can potentially result from haploinsufficiency, where even the lack of half of normal C9orf72 levels could compromise neuronal function.
Conclusions
It is clear that an RNA stem loop, as depicted in Figure 1 in front of the start codon, should constitute an attractive pharmacological target for small molecules capable of increasing translation of C9orf72 mRNA. Figure 2 presents our model that C9orf72 translation activators should compensate for the loss of this key neurodegenerative disease associated protein, inclusive of when conducting therapies with antisense oligonucleotides (ASO). It may be desirable to combine the use of such activators when employing ASOs to target the GGGGCC repeats to reduce RNA/dipeptide inclusions specific to C9orf72 to simultaneously stimulate increased translation of the C9orf72 protein open reading frame. We propose to compensate for reduced levels of this potentially key ironassociated protein when ALS patients receive ASO treatments.
The 5'untranslated region RNA structure depicted in Figure 1 presents an attractive therapeutic RNA-based target for identifying small molecules translation activators of C9orf72 via gene-transfection based screens as they are previously conducted for the mRNAs for amyloid precursor protein, alpha-synuclein and the prion precursor protein. Current research presents a technique to tag and facilitate fluorescence for C9orf72 RNAs, as it has been achieved with proteins for Fragile X syndrome, namely the "spinach technique". This method can monitor the use of mainstream therapeutic approaches where antisense oligonucleotides are being used to potentially reduce ALS specific RNA inclusions and/or prevent translation of the toxic di-peptide repeats from the C9orf72 mRNA. Nevertheless co-treatments with small molecule C9orf72 translation activators of the RNA stem loop shown in Figure 1 may represent a pharmacological means to avoid the excessive loss of C9orf72 protein in conditions when its transcript levels are reduced, an event that would have worsened ALS pathology [44] . Upcoming research will reveal how the GGGGCC hexanucleotide repeat causes the RNA inclusions and binds ribosomes, at which time we propose it will become clearer whether therapies to increase C9orf72 translation would prove an adjunct reliable cure to ALS.
